Distortion product otoacoustic emissions ͑DPOAE͒ were recorded from eight human subjects with mild to moderate cochlear hearing loss, using a frequency spacing of 48 primary pairs per octave and at a level L 1 ϭL 2 ϭ60 dBSPL and with a fixed ratio f 2 / f 1 . Subjects with different shapes of hearing thresholds were selected. They included subjects with near-normal hearing within only a limited frequency range, subjects with a notch in the audiogram, and subjects with a mild to moderate high-frequency loss. If the primaries were located in a region of normal or near-normal hearing, but DP frequencies were located in a region of raised thresholds, the distortion product 2 f 1 -f 2 was still observable, but the DP fine structure disappeared. If the DP frequencies fell into a region of normal thresholds, fine structure was preserved as long as DPOAE were generated, even in cases of mild hearing loss in the region of the primaries. These experimental results give further strong evidence that, in addition to the initial source in the primary region, there is a second source at the characteristic place of f DP . Simulations in a nonlinear and active computer model for DPOAE generation indicate different generation mechanisms for the two components. The disappearance of DPOAE fine structure might serve as a more sensitive indicator of hearing impairment than the consideration of DP level alone.
INTRODUCTION
The recording of distortion product otoacoustic emissions ͑DPOAE͒ is claimed to be useful as an objective audiometric test with a high-frequency selectivity by various clinical studies. In many papers, the reported correlation of audiometric thresholds and DPOAE levels is mainly based on large databases of many subjects ͑e.g., Nelson and Kimberley, 1992; Gorga et al., 1993; Moulin et al., 1994; Suckfüll et al., 1996͒ . The prediction of individual thresholds based on DPOAE requires a detailed and comprehensive dataset from each individual subject, including growth functions, at multiple stimulus frequencies ͑Kummer et al., 1998͒. However, for extensive use as a diagnostic tool, a more detailed understanding of the DPOAE generation mechanisms is still required.
In agreement with theoretical and experimental work reported by other groups Gaskill and Brown, 1996; Heitmann et al., 1998; Talmadge et al., 1998 , the experimental results from normal-hearing subjects in the accompanying paper ͑Mauermann et al., 1999͒ showed that DPOAE should be interpreted as the vector sum of two sources, one at the initial generation site due to nonlinear distortion close to the f 2 place, the other at the characteristic site of the particular DP frequency of interest. The results from simulations using a nonlinear and active model of the cochlea presented in Mauermann et al. ͑1999͒ showed that the component from the f DP site is sensitive to the existence of statistical fluctuations in the mechanical properties along the cochlea partition, i.e., roughness, while the initial generation component is not. From the model point of view, this indicates different underlying mechanisms for the generation of the two DPOAE components. However, removing the roughness from certain areas along the cochlear partition-as shown in the computer simulations in Mauermann et al. ͑1999͒-cannot directly be transformed into a controlled experiment with human subjects.
Other studies on modeling OAE fine structure ͑Zweig and Shera, 1995; Talmadge et al., 1999͒ showed that-in addition to the roughness-the model needs another feature to produce DPOAE fine structure: broad and tall excitation patterns have to be generated to allow coherent reflections. The generation of a broad and tall excitation pattern requires an active feedback mechanism in the model. In the real co- chlea, this mechanism is most probably related to the motility of outer hair cells ͑OHC͒, as found by Brownell et al. ͑1985͒ and Zenner et al. ͑1985͒ . If the activity of OHC in the cochlea is reduced because of damage to certain areas, most probably no broad and tall excitation pattern can build up there. As a consequence, there would be no coherent reflection from the re-emission site and no DPOAE fine structure would be observable.
This assumption is mainly based on the model results obtained so far ͑Mauermann et al., 1999͒, but can be tested in carefully selected hearing-impaired human subjects. In the present paper, results on DPOAE fine structure from subjects with different audiogram shapes will be presented to investigate the effects of damage in different regions of the cochlea in more detail. Our subjects included persons with near-normal hearing only within a limited frequency range ͑''bandpass listeners''͒, a notch in the audiogram ͑''bandstop listeners''͒, or a hearing loss at high frequencies only ͑''lowpass listeners''͒. This allowed measurement of DPOAE while restricting either f DP or the primaries to ''normal'' or ''near-normal'' BM regions. It was expected that only the component generated in a region of cochlear damage would be reduced. The experiments were designed to obtain further evidence for the two-source model as discussed in the accompanying paper ͑Mauermann et al., 1999͒. To support the arguments, a ''hearing-impaired'' version of the computer model was also tested, simulating the bandstop listener situation mentioned above.
I. METHODS

A. Subjects
Eight subjects with different types of hearing loss participated in the experiments. They were selected because of the shapes of their audiograms. Subjects HE and HA ͑63 and 59 years old, respectively͒ showed hearing loss with a bandpass characteristic, i.e., near-normal threshold within only a small frequency band at 1.5 kHz with raised thresholds for frequencies above and below. The second group of subjects ͑DI, FM, MM, 29-50 years old͒ showed a notch in the hearing threshold of about 40 dB centered at 4 kHz. The third group ͑RH, HL, JK, 59-63 years old͒ showed a moderate high-frequency hearing loss. All subjects except MM had a stable audiogram for at least 6 months. The notch in the audiogram of MM was caused by a mild sudden hearing loss. The threshold recovered almost completely over a period of 6 months.
B. Instrumentation and experimental procedures
All instrumentation and the experimental methods for recording DPOAE fine structure are described in detail in the accompanying paper ͑Mauermann et al., 1999͒. In short, an insert ear probe, type ER-10C, in combination with a signalprocessing board Ariel DSP-32C, was used to record DPOAE. All stimuli were generated digitally at a sampling rate of 22.05 kHz and as harmonics of the inverse of the frame length ͑4096 samples, i.e., harmonics of 5.38 Hz͒. They were played continuously to the subjects via 16-bit D/A converters, a computer-controlled audiometer, and lowpass filters at a presentation level of L 1 ϭL 2 ϭ60 dBSPL. An automatic in-the-ear calibration was performed before each run to adjust the primaries to the desired sound-pressure levels. In most subjects, a frequency ratio of f 2 / f 1 ϭ1.2 was used. This was increased to f 2 / f 1 ϭ1.25 in some cases to achieve a larger separation of f DP and the primary frequencies.
DPOAE were recorded at a high-frequency resolution of 32 frequencies per octave. The microphone output was amplified, A/D converted and averaging in the time domain of at least 16, and if necessary up to 256 repeated frames were performed for each pair of primaries to increase the signalto-noise ratio. Again, all results were plotted as a function of f 2 and as a function of f DP . This permits us to relate the data both to the initial generation site near f 2 and to the presumed second source located around the characteristic site of f DP .
In addition to the clinical audiogram, absolute thresholds were measured for five of the eight subjects with an adaptive three-alternative forced-choice ͑3AFC͒ two-step method to get a more accurate estimate of the shape of the audiogram. The absolute threshold was measured at a resolution of eight frequencies per octave in the transition regions between nearnormal hearing and increased threshold. Sinusoids of 375-ms duration including 45 ms Hanning-shaped ramps at the start and end were used as stimuli. They were played through one of the speakers of the ER10C probe. After threshold detection, the sound pressure in the ear canal was measured with the ER10C probe microphone for a fixed attenuation of the audiometer. The sound-pressure level in dB SPL at threshold was computed from the difference of this attenuator value and the attenuation at hearing threshold.
II. RESULTS
Figures 1-4 show the DPOAE fine-structure patterns and absolute thresholds for eight subjects. In each figure, the left column gives the clinical audiogram. The middle column shows DPOAE results ͑black line͒ and absolute threshold ͑gray line͒ as a function of f DP to permit a direct comparison around the assumed re-emission site. The right column shows the same data as a function of f 2 to allow a direct comparison of absolute threshold and DPOAE fine structure at the initial generation site close to f 2 . For the middle and right columns, the left ordinate holds for the DPOAE level in dB SPL, while the right ordinate is for the absolute threshold. This threshold was measured in dB SPL for the subjects who did the adaptive procedure ͑HE, HA, DI, HL, JK͒, while for the other subjects ͑MM, FM, RH͒ the threshold in dB HL from the clinical audiogram ͑left column͒ is given. In addition to the threshold data ͑or audiogram data͒, the black bars on the top of the middle and right column panels give a sketch of the area with thresholds of 20 dB or better, i.e., frequency ranges with normal or near-normal hearing ͑as taken from the audiograms͒. Figure 1 shows results for two subjects with a nearnormal threshold in only a limited frequency band. A reduced DPOAE fine structure with level fluctuations smaller than 5 dB ͑areas indicated by the gray bar on the top of the middle column plots͒ can be observed when f DP falls into a region of raised threshold. On the other hand, when the distortion products are at frequencies with near-normal hearing and the primaries at frequencies of a moderate hearing loss, the DPOAE level is reduced, but a preserved fine structure with level fluctuations of 5 dB or more can still be observed in a certain area ͑indicated by the hatched gray bars on the top of the plots͒. Figure 2 shows the results from four ears of three subjects with notches in their audiograms. As was the case for the data shown in Fig. 1 , when the distortion product frequencies fall into the area of hearing loss, the fine structure disappears but nearly no reduction in DPOAE level occurs. If the initial DPOAE generation site, i.e., the area around f 2 , falls into the region of hearing loss while the related f DP frequency covers a region of near-normal hearing, the DPOAE level is reduced but a pronounced fine structure is still observed. If both f 2 and f DP fall into a region of mild to moderate hearing loss, DPOAE level and DPOAE fine structure are reduced. Subject FM ͑bottom row in Fig. 2͒ showed a reduced fine structure in a limited frequency band above 4 kHz only. This might be due to a narrow-band notch in the absolute threshold in this frequency region which was not resolved using the clinical audiogram. Figure 3 shows DPOAE fine-structure patterns for two subjects with a moderate hearing loss only at high frequencies. When plotted as a function of f 2 ͑right column͒, a DPOAE level similar to the level in regions with nearnormal hearing could still be observed in the region of raised threshold, while the fine structure disappeared as soon as the distortion product frequencies fell into the region of hearing loss ͑cf. middle column for plot as a function of 2 f 1 -f 2 ͒. These cases suggest that the DPOAE fine structure might provide a more sensitive indicator of cochlear damage than the DPOAE level, which is mainly related to the initial generation site close to f 2 . Figure 4 gives one example of a different effect of hearing loss on DPOAE. This subject also had a high-frequency hearing loss, but the level of DPOAE decreased with the high-frequency hearing loss, while the fine structure was preserved as long as DPOAE are recordable, i.e., below f 2 ϭ4 kHz. As can be seen in the audiogram, thresholds were normal in the region below 2.5 kHz, i.e., in the region of the related f DP frequencies. Therefore, an effect on DPOAE fine structure is not expected in this particular case of a steep high-frequency hearing loss. Figure 5 shows again the DPOAE fine structure for subject MM ͑cf. Fig. 2͒ , this time at three different stages of recovery from the mild sudden hearing loss. After 4 months ͑dark gray line͒, the clinical audiogram was almost normal and the DPOAE level had returned to normal ͑notice the recovery from the notch in the middle trace between 2000 and 3000 Hz for 2 f 1 -f 2 , corresponding to a f 2 range of 3000-4000 Hz, cf. Fig. 2͒ . A reappearance of fine structure over the whole range could only be observed after 6 months. It is possible that a slight cochlear disorder still affected the DPOAE fine structure after 4 months, while the DPOAE level and the audiogram had almost completely recovered. Again, the fine structure appears to be a more sensitive indicator for local cochlear damage than the consideration of overall DPOAE level alone, revealing even slight disorders not detectable in the clinical audiogram. 
III. SIMULATIONS IN A NONLINEAR AND ACTIVE MODEL OF THE COCHLEA
As shown in the accompanying paper ͑Mauermann et al., 1999͒, the behavior of DPOAE fine-structure patterns in different experimental paradigms can be well simulated with a nonlinear and active transmission line model of the cochlea. Here, a ''hearing-impaired'' version of this computer model is tested to investigate the effects of local changes of the damping function, as an analog of hearing loss in a restricted frequency region. This can be achieved by looking at a partly ''passive'' cochlea. The biggest hearing loss that can be modeled by making the damping independent of velocity and fixing it to the maximum value that occurs in the ''normal-hearing'' model is about 40 dB. The value of 40 dB corresponds to the assumed gain of cochlea activity probably due to motility of the OHC ͑discussed in Pickles, 1988; Hoth and Lenarz, 1993͒ . Therefore, thresholds distinctively higher than 40 dB probably have to be related to damage of the inner hair cells ͑IHC͒, which cannot be simulated in this kind of macromechanical model. Figure 6 shows one example of a fine-structure pattern, calculated using a model cochlea with raised threshold around 3.7 kHz. The hearing loss in this case was introduced by taking a relatively high positive damping, independent of velocity, for the segments representing the frequencies from 3.6 to 3.8 kHz in the model cochlea ͑segments 210 to 219 of a total of 600 segments͒ with smooth transitions ͑over 3.3 to 3.6 kHz and 3.8 to 4.5 kHz͒ ͑see the Appendix͒. The ''delayed feedback stiffness'' is smoothly decreased to 0 in this region in proportion to the increased damping ͑for a more detailed description of the model, see Mauermann et al., 1999͒ . As found in the experiments, the fine structure in the FIG. 2. As Fig. 1, but showing results from four ears with a notch in the audiogram. Top row: subject DI, right ear. Second row: subject DI, left ear. Third row: subject MM, left ear. Fourth row: subject FM, left ear. The notch in the audiogram of subject MM was caused by a mild sudden hearing loss. MM and FM did not perform the adaptive procedure for evaluation of absolute thresholds. Therefore, the threshold curves are taken from the clinical audiograms in these cases. Frequency ratio of the primaries: f 2 / f 1 ϭ1.2; levels of the primaries: L 1 ϭL 2 ϭ60 dB SPL.
computer simulation disappears as soon as f DP falls into the region of increased damping, i.e., increased threshold, while a reduction of DPOAE level is observable when the primaries cover the region of ''hearing loss.'' The hearing loss was quantified by finding the stimulus level required to give the same excitation as a stimulus level of 0 dB SPL in the normal-hearing version of the model.
IV. DISCUSSION
Most previous studies on DPOAE from hearingimpaired subjects related DPOAE levels to hearing thresholds based only on a comparatively low number of frequencies. In the only study dealing with DPOAE from hearingimpaired subjects with a high-frequency resolution ͑He and Schmiedt, 1996͒, it was concluded that a fine structure would always be observable as long as DPOAE can be recorded. Their study included 14 hearing-impaired subjects, all of whom had a more or less steep high-frequency hearing loss. This conclusion of unaffected fine structure holds only for one subject ͑JK, Fig. 4͒ from this investigation, while the others showed a substantial decrease of DPOAE fine structure when 2 f 1 -f 2 fell into a region of hearing loss. The subjects presented here were selected because of the particular shape of their audiograms with either raised thresholds or normal hearing in a limited frequency band only. This sample might not be representative for the clinical population, but it permitted measurements with either the primary frequencies or the distortion product frequencies covering a region of cochlear damage, motivated by the results and computer simulations reported in the accompanying paper ͑Mauermann et al., 1999͒. Consequently, our data will be discussed in respect to the two-source model of DPOAE generation. The experiments were not intended as a representative clinical study. Nevertheless, the results might still improve the value of DPOAE as a diagnostic tool.
The initial generation of DPOAE is due to nonlinear distortion at the primary site close to f 2 . The cases reported in Figs. 1-3 exhibit a coincidence of the disappearance of DPOAE fine structure with damage at the characteristic place of f DP . This strongly supports the interpretation of the data in terms of a two-source model of DPOAE generation, as discussed in the accompanying paper for normal-hearing subjects ͑Mauermann et al., 1999͒. If only the component generated in the primary region contributes to the emission measured in the ear canal, no fine structure can be observed. When there is also a contribution from the re-emission site at As Fig. 1 , but for subject JK, left ear. This subject also shows a high-frequency hearing loss. In contrast to the data shown in Fig. 3 , the DPOAE level decreases with increasing threshold but the fine structure remains unaffected, as long as DPOAE are recordable at all. f DP , a quasiperiodic fine structure is observable, i.e., DPOAE can be treated as the vector sum of two different components, as suggested by Brown et al. ͑1996͒. Heitmann et al. ͑1998͒ showed that the presentation of an additional suppressor tone close to f DP ͑25 Hz above f DP ͒ causes a disappearance of fine structure due to suppression of the component from the f DP place. As demonstrated here, damage in the DP frequency region has a similar effect to the suppressor. While the addition of a third tone could cause unwanted side effects when investigating the DP generation mechanisms, such as additional distortion products ͑Harris et al., 1992͒, the experiments presented here take advantage of the ''naturally'' reduced cochlear activity.
As already reported in previous studies ͑e.g., Schlögel et al., 1995͒, it is not uncommon for subjects with highfrequency hearing loss to have DPOAE not substantially different in level from those from normal-hearing subjects, even when the primaries fall into the region of a hearing loss of 30 dB or more. Two more examples for this are the subjects RH and HL in this study ͑cf. Fig. 3͒ . However, DPOAE fine structure disappeared in both subjects as soon as f DP fell into a region of even slightly raised thresholds ͑i.e., above 2.5 kHz for subject HL, above 4 kHz for subject RH͒. This suggests that moderate cochlear damage can already influence the re-emission component of the DPOAE. A similar interpretation holds for the DPOAE fine structure during recovery from a mild sudden hearing loss shown in Fig. 5 . The reduced fine structure after 4 months still might indicate some slight damage, although the threshold-as measured in the clinical audiogram with its accuracy of about Ϯ5 dB and its limited frequency resolution-had already recovered. This high vulnerability to cochlear damage of the DPOAE fine structure has also been noticed in other studies. Engdahl and Kemp ͑1996͒ showed that noise exposure causing a temporary threshold shift results in a temporary disappearance of DPOAE fine structure. Furthermore, the fine structure gets reduced during aspirin consumption before an overall DPOAE level reduction can be observed ͑Rao et al., 1996; Overall, it appears as if the consideration of fine structure can serve as a more sensitive tool for the detection of slight cochlear damage in certain cases than the DPOAE level alone. However, a prospective clinical study involving more subjects would be required to evaluate this possible application.
In contrast to the subjects discussed so far, the DPOAE from subject JK ͑Fig. 4͒ appears to behave differently: DPOAE level decreases with increasing hearing loss while the fine structure is unaffected. This behavior is more in line with the data reported by He and Schmiedt ͑1996͒. The seeming contradiction to our other data can be interpreted as follows: When the primary at f 2 falls into a region of a distinct hearing loss, i.e., above 4 kHz for this subject, no measurable initial DPOAE component is generated. Consequently, no reflection component from the re-emission site close to f DP can be recorded. However, when f 2 is below 4 kHz, the corresponding f DP frequency still falls into a region of normal or near-normal hearing for this subject ͑i.e., threshold of 20 dB HL or better͒, which is sufficient to create the re-emission component due to coherent reflection. The interaction of the two components generates the fine struc- ture. A similar explanation would also hold for most of the subjects described by He and Schmiedt ͑1996͒, who had steep high-frequency hearing losses.
The effects of frequency-specific hearing loss on DPOAE fine structure can be simulated in a realistic way using the hearing-impaired version of the computer model of the cochlea ͑cf. Figs. 2 and 6͒ . The very good correspondence between data and simulations even in the case of hearing impairment gives further support for a whole class of similar cochlea models recently described in Talmadge et al. ͑1999͒. In the model, the generation mechanisms for the two sources are different. The re-emission component can be interpreted as a coherent reflection sensitive ͑1͒ to the presence of ''roughness,'' and ͑2͒ to the presence of broad and tall excitation patterns ͑e.g., Talmadge et al., 1998͒, which are generated by an active feedback mechanism. The initial generation-which is not sensitive to the presence of roughness ͑see Mauermann et al., 1999; Talmadge et al., 1998͒- is not connected to coherent reflection but should be interpreted as a consequence of nonlinear distortion only.
This view of two different mechanisms is in agreement with the conclusions drawn by Shera and Guinan ͑1999͒. They also distinguish two DPOAE mechanisms: coherent reflection from the f DP site ͓similar to stimulus frequency otoacoustic emissions ͑SFOAE͔͒ and nonlinear distortion from the generation site near f 2 . The different effects on DPOAE fine structure and overall level caused by cochlear damage, as reported in our experiments, might reflect an experimental confirmation of two different generation mechanisms.
V. CONCLUSIONS ͑i͒
Distortion product emissions measured in the human ear canal are produced by two sources, one at the characteristic place of the primaries and the second at the characteristic place of f DP . ͑ii͒
The DPOAE fine structure is mainly influenced by the local state of the cochlea at the characteristic place of f DP and appears to be a more sensitive indicator of cochlear damage than DPOAE level alone. ͑iii͒ At least from the model point of view, the initial generation at the site close to f 2 is caused by nonlinear interaction of the primaries while the re-emission from the characteristic site of f DP can be treated as a coherent reflection. ͑iv͒ The evaluation of fine structure could considerably improve the clinical use of DPOAE, e.g., for early identification of hearing loss or to monitor the recovery from a sudden hearing loss more accurately.
